Real-time PCR is becoming a preferred method for quantification of minute amounts of nucleic
INTRODUCTION
Recent developments have made real-time PCR a powerful technology for detection and quantification of nucleic acids (1, 2) . With a high degree of sensitivity and a large dynamic range, it has greatly benefited many aspects of biological research, including plant virology. However, the full potential of this technology has yet to be realized, partially because of the limitations of the calculation methods that currently predominate (3) .
The large quantities of numerical data produced by real-time PCR are generally analyzed by basic software tools provided with the PCR fluorescent thermal cyclers, which quantify the unknown samples either relatively or absolutely by comparing them to the standard DNA or to the reference gene. These two groups of methods are based on the same assumptions, namely, that amplification efficiencies of target genes are approximately equal to the standard DNA or the reference genes, and that the amplification efficiency is constant throughout the PCR (4) . However, as noted by many researchers, this is often not the case in practical applications and it is believed to be a non-negligible source of biased results (5, 6) .
To circumvent the amplification efficiency problem, several new mathematical models have recently emerged for analyzing PCR data. By investigating the raw PCR fluorescence value measured per cycle of each reaction, these models directly predict the theoretical fluorescence value at cycle 0 (F 0 F 0 F ). As the basic principle underlying real-time PCR is the fluorescence intensity proportional to DNA content, once F 0 F 0 F is determined, the changes in the amount of target genes can be represented by the changes of F 0 F 0 F values. 0 values. 0 However, using only F 0 F 0 F values is inadequate when the definitive copy numbers are required or when expression levels of different genes are compared. The reason for this is that the calibration factor (CF) CF) CF of the target gene, which relates fluorescence to DNA molecular content in realtime RT-PCR, is unknown. Nevertheless, these problems can be solved through amplification of template with known copy numbers (7) .
Only one study to date has reported the determination of CF values, which CF values, which CF used sigmoidal curve-fitting (SCF), one of the most popular fluorescence-based mathematical models (3) . Therefore, in the present study, the determination of CF values was applied to two other more CF values was applied to two other more CF facile models: linear regression PCR (LinRegPCR) and data analysis for realtime PCR (DART). This was done by quantifying and comparing the expression levels of three genes (1a, 2a, and MP) of Cucumber mosaic virus (CMV), an important plant virus that is known to infect over 1000 plant species and is spread worldwide (8) . The 1a, 2a, and MP genes were chosen because their amounts could be used to represent the accumulation levels of CMV genomic RNAs 1, 2, and 3, respectively. For different strains of CMV and at different stages of infection, the accumulation levels of RNAs and their ratios were changed, and these changes were regarded as the result of interaction between virus, host plant, and environment.
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In our previous work, the expression levels of CMV RNAs of different strains in host plants were quantified relatively using a reference gene (18S rRNA), but the relative comparison between them could not be accomplished due to the different PCR efficiencies (9, 10) . Accordingly, in this study, we proposed equations to compare the expression levels of CMV RNAs 1, 2, and 3 by investigating the fluorescence kinetics of each individual reaction. To test their reliability and to allow a comparison, the expression ratios were also quantified by the standard curve method and by traditional Northern blotting.
MATERIALS AND METHODS

Plants, Viruses, and Standard Samples
Seedlings of tobacco (Nicotiana tobacum cv. Huangmiaoyu) were used as host plants and grown in a greenhouse between 21-26°C. The wild-type Fny-CMV and four intraspecies hybrid viruses FCb7 2b -CMV, FRad35 2b -CMV, FBX 2b -CMV, and FNa 2b -CMV were generated as described (11) . All viral strains were inoculated with the same concentrations on tobacco seedlings at the four-to sixleaf stage. At 30 days post-inoculation (dpi), virions were purified from 5 g fresh leaf tissues.
Another set of tobacco plants was inoculated for detection of the accumulation of CMV genomic RNAs in plant tissues with presence or absence of T1satellite (T1sat). At 4 dpi, 0.2 g fresh leaf sat). At 4 dpi, 0.2 g fresh leaf sat tissues were sampled from systemic leaves of infected plants. Two biological repeats were conducted for each treatment.
Standard samples of 1a, 2a, and MP genes were transcribed in vitro from biologically active full-length cDNA clones of Fny-CMV RNAs as described in a previous study (9) . Before use, the concentration of each transcription product was determined by a spectrophotometer (SpectraMax Plus 384; Molecular Devices, Sunnyvale, CA, USA) and serial dilutions were performed to give final concentrations of between 2 × 10 × 10 × 9 to 2 × 10 5 copies /mL.
RNA Extraction and Reverse Transcription
RNAs were extracted from purified virions or plant tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and treated with RNase-free DNase to remove any traces of genomic DNA contamination. The extract integrity was electrophoretically verified. Viral RNAs and standard RNAs (1 μl) were reverse-transcribed with 100 U of AMV (Takara, Dalian, China) using 100 μM random hexamer primers according to the manufacturer's instructions.
Real-time PCR Assay
The SYBR Green PCR was performed on 96-well optical plates using an ABI Prism 7300 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA). Primers used to detect 1a, 2a, and MP genes were optimized as per our MP genes were optimized as per our MP previous publication (9) . For each 25 μl reaction volume, 12.5 μl Premix EX Taq EX Taq EX (2× ; Takara), 0.5 × ; Takara), 0.5 × μl SYBR Green I nucleic μl SYBR Green I nucleic μ acid fluorescent dye (50× ; Takara), 2 × ; Takara), 2 × μl template cDNA, 1 μl forward and reverse μl forward and reverse μ primers (1 μM), and 9 μM), and 9 μ μl PCR-grade water μl PCR-grade water μ were mixed. The parameters for a two-step PCR were initiated by incubation at 95°C for 10 s, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Each reaction was repeated three times and the RNA extracted from healthy tobacco plants was used as a negative control. The specificity of the amplified products was examined by melting curve analysis immediately after the final PCR cycle. 
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Absolute Quantification by Standard Curve Method
The PCR data were initially analyzed using Sequence Detection Software (PE Applied Biosystems), and resulted in the assignation of a threshold cycle (C T ) value to each reaction. For each target gene, a standard curve was created based on the linear relationship between the C T values T values T of standard samples and the logarithm of the starting copy numbers, which were derived from the concentration of standard samples by Equation 1:
where N is the copy number per μL, C is μL, C is μ the concentration per sample (μg/μ g/μ g/ L), K is μL), K is μ the length of each target gene (bases), and 1.6601 × 10 × 10 × -18 is the conversion constant between Dalton and μg.
For the unknown samples, copy numbers of each gene were provided by the software according to the mean of the standard curve and their respective C T values.
Real-time PCR Fluorescence Data Analysis by SCF
After real-time PCR, the fluorescence data of each product were exported to an Excel workbook for analysis. Using Origin 7.5, the fluorescence readings of individual PCR amplifications were fitted to the nonlinear regression function given by Equation 2 (3,12):
where C is the cycle number, C is the cycle number, 
where N P N P N is the predicted copy number P is the predicted copy number P of target genes in standard samples. 
Real-time PCR Fluorescence Data Analysis by LinReg and DART
The exported PCR data were also analyzed by the LinRegPCR 7.5 program (13) and by the DART-PCR version 1.0 program (14) . The LinRegPCR program is based on the basic exponential formula of PCR amplification (15):
where X c X c X is the concentration of template at cycle c, X 0 X 0 X is the initial concentration of template, and E is the amplification E is the amplification E efficiency ranging from 1 to 2. This equation can be expressed linearly in terms of fluorescence by taking the logarithm of both sides:
where F c F c F and C are measured fluores-C are measured fluores-C cence data and cycle number, respectively. For each amplification curve, the log-linear part of the PCR was automatically determined by the program with the default option to contain from four to six points with the highest R 2 points with the highest R 2 points with the highest R value. Once these points were determined, they were fitted to a regression line and the initial fluorescence F 0 F 0 F then directly calculated as 0 then directly calculated as 0 10 intercept . The DART program is also based on Equation 6 , but with another reformulation: 
However, when their copy numbers in different samples are compared, the variances in amounts of total RNA should be taken into account, which can be represented by changes of the F 0 F 0 F values of the reference gene (18S rRNA) between samples. Therefore, the above formula was rearranged to: 
A B C
Research Reports
Determination of the Quantity of Viral RNAs by Northern Blotting
CMV RNAs extracted from virions that had been tested previously by real-time RT-PCR were also tested by Northern hybridization according to standard procedures (16) . RNAs 1, 2, and 3 were detected by a common conserved-40 probe, containing a sequence (5′-ACT GACCATTTTAGCCGTAAGCTGGA TTGGACAACCCGTTC-3′) complementary to a conserved sequence present in the 3′ terminal of genomic RNAs in all ′ terminal of genomic RNAs in all ′ Cucumoviruses. The probe was prepared by end-labeling of DNA oligonucleotide with γ-γ-γ 32 P-ATP using T 4 polynucleotide kinase (Takara). The amounts of CMV 1a, 2a, and MP genes were represented by the MP genes were represented by the MP hybridization intensity of RNAs 1, 2, and 3 bands, respectively.
RESULTS
Quantification of CMV RNAs in Virions with Standard Curves
Using standard samples, the standard curves of 1a, 2a, and MP genes were MP genes were MP constructed over a range of five orders of magnitude. As shown in Figure 1 
Quantification of CMV RNAs in Virions by LinRegPCR and DART
When the experimentally derived fluorescence readings of the same realtime PCR procedure were treated by LinRegPCR and DART, a good linear relationship was also found between the Figure 3B and Figure 3C .
Using the LinRegPCR program, the average CF LinReg CF LinReg CF values were determined to be 43.9, 44.1 and 47.9 ng/FU for 1a, 2a and 2a and 2a MP genes (Table 1) . These values MP genes (Table 1) . These values MP were lower than those obtained by SCF. However, as shown in Figure 2C, sat infection was set at 1 and sat the other RNAs were quantified relative to it. As an endogenous control to normalize the data for differences in input total RNA between samples, 18S rRNA was used. The error bars indicate the standard deviations obtained from three independent experiments.
A B C
of reproducibility over the five magnitudes of target concentration that we examined. Similarly, the copy numbers of CMV RNAs in five types of virions were calculated and their ratios were determined to be 1:1.20:2.43, 1:1.50:2.26, 1:1.71:1.53, 1:0.86:2.34, and 1:1.57:1.40 ( Figure 2D ).
Quantification of CMV RNAs in Virions by Northern Blotting and Comparison with Real-time PCRs
To test the accuracy of the quantification results obtained from real-time PCRs, the accumulation ratios of CMV RNAs 1, 2, and 3 in virions were also determined by Northern blotting. Based on the hybridization intensity of each band (Figure 4) , their ratios in Fny-CMV, FCb7 2b -CMV, FRad35 2b -CMV, FBX 2b -CMV, and FNa 2b -CMV virions were determined to be 1: When the results of all these quantification methods are compared, the SCF and the LinRegPCR program display a higher level of accuracy, as reflected by the low variance in determination of both CF values and absolute copy numbers CF values and absolute copy numbers CF of viral genes (Table 1, Figures 2 and  3) . The variance of results of Northern blotting cannot be calculated because no replicate measurements were performed. Nevertheless, the relative ratios of 1a, 2a, and MP genes in virions determined by all MP genes in virions determined by all MP these methods are comparable ( Table 2) . Using Equations 9 and 10, the different accumulation levels of CMV RNAs 1, 2, and 3 in tobacco tissues were detected at 4 dpi. As the results show in Figure 5 , the average accumulation level ratios were calculated to be 1:0.98:1.16 in CMVFny infection. While in CMV-Fny-T1sat infection, the ratios changed to 1:1.49:6.27 and the accumulation levels of RNAs 1, 2, and 3 were 8.27, 5.45, and 1.53 folds lower than that of CMV-Fny infection, respectively. These ratios indicate that at this time point, the accumulation of all CMV genomic RNAs in tobacco were suppressed by T1sat, but the suppression effect on RNAs 1 and 2 was more apparent than on RNA 3.
Determination of the Suppression
The results demonstrate that using the N 0 N 0 N values, a relative comparison between genes can be easily performed in the same sample or between different samples. When the relative ratios determined by these various methods are compared, the higher levels of accuracy of SCF and the LinRegPCR program are indicated by the smaller variations ( Figure 5 ).
DISCUSSION
An accurate, precise, and facile calculation method is important for quantification in the application of real-time PCR (17) . In the present study, we extend the work of Rutledge (3) , by quantifying the expression levels of CMV RNAs with the conventional absolute approach but also with the more recent SCF, LinRegPCR, and DART methods. To our knowledge, this is the first report presenting such a comprehensive comparison between different real-time PCR mathematical models.
Although the standard curve method is broadly used for absolute quantification, the inherent complexity and imprecision associated with this method make interpretation difficult (18) . In our study, the constructed standard curves of CMV genes showed high quality, for the linearity relationships between the log-concentration and C T values showed T values showed T coefficient superior to 0.99. However, according to previous studies (7, 19) , it is not a good indicator of the precision or accuracy achieved, and should not be used to compare the quality of quantification results. Additionally, the overall accumulation levels of CMV RNAs 1, 2, and 3 determined by standard curve method were lower than those obtained by other were found to be lower in our study when the concentrations of the standard samples were higher, which might be due to the presence of "inhibitor," therefore resulting in the lower E values in these amplifica-E values in these amplifica-E tions (14) . In the linear regression analysis procedure, the log-linear part of the data points can be automatically determined, but a visual inspection is required to ensure that they are in the straight loglinear regime. Fitting the fluorescence data to a four-parametric sigmoidal function was proposed to represent the PCR reaction more effectively than using other functions (20) . This method, however, requires extensive analyses, involving a curve-fitting process to select the cutoff cycle, beyond which any remaining cycles are excluded from the regression analysis. This delimitation procedure is required for every amplification and is therefore time consuming. Nevertheless, this enables the determination of results with small variability as is shown in this study. Therefore, considering both the accuracy of results and the procedure of data processing, the LinRegPCR method demonstrates a higher level of efficiency.
Theoretically, if it is assumed that length and base pair composition do not significantly influence DNA fluorescence, the relationship between F 0 F 0 F and N 0 N 0 N is solely dependent on product size, and the CF value for each gene should accordingly CF value for each gene should accordingly CF be equal. However, recent publications have reported the preferential binding of SYBR Green I to specific sequences, but this process is complicated, and is significantly influenced by the ratio of base pair/dye molecule complexes and by the concentration of salts in reaction solution (21, 22 The CF values determined in this study CF values determined in this study CF have important practical implications. First, they could be used to calculate the definitive copy numbers of viral genes without the construction of standard curves for each target sequence, thus allowing large numbers of different targets to be simultaneously quantified. Secondly, the variations of RT and PCR efficiency between target genes would be circumvented, thus either the normalization or relative comparison between genes can be derived without assumptions.
Northern blotting is a conventional approach for quantifying CMV genes due to the simple linear relationship between the intensity of each band and its quantity. However, Northern blotting often fails to provide reliable results because the hybridization rates are different for each probe. In this study, this problem was overcome by the use of a common probe in the detection of CMV genes. Although the definitive copy numbers of each gene in the virions could not be calculated, the ratios of their amounts determined by hybridization intensity were very similar to those obtained from real-time PCR data.
CMV-encoded 2b proteins have been shown to play an important role in viral long-distance movement, hypervirulence, and suppression of post-transcriptional gene silencing. Our previous work showed that a change of CMV virulence resulted from different accumulation of viral RNAs, which is induced by either replacement of 2b ORFs or by addition of satRNAs (10, 11) . In this study, we propose satRNAs (10, 11) . In this study, we propose sat equations to quantify the accumulation ratios of CMV RNAs 1, 2, and 3 in the same sample or between different samples, by analyzing the results of real-time PCR using SCF, LinRegPCR, and DART methods. The high-throughput quantification ability of real-time PCR would be enhanced by the use of these equations, as the need for standard curves is eliminated, enabling large numbers of targets to be analyzed simultaneously. Among them, the LinRegPCR method is recommended by us for the reliable results it provides and for the simplified calculation it involves.
In conclusion, the equations we proposed, with the F 0 F 0 F and CF values CF values CF determined by LinRegPCR, can be used as a more convenient approach for quantifying and comparing the relative accumulation levels of CMV RNAs. They should be especially useful for investigating the mechanism of CMV replication in host plants and for determining CMV resistance levels in novel genetically engineered plants. 
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